Anaesthetic machines are prepared for use with patients who are susceptible to malignant hyperpyrexia (MH) by flushing with oxygen at 10 l/min for ten minutes to reduce the anaesthetic concentration to 1 part per million (ppm) or less. Anaesthetic workstations are now often used in place of traditional machines. Workstations have greater internal complexity, and it is not known if they can be made safe for susceptible patients by flushing with oxygen. We used a high sensitivity infrared gas analyser to measure the washout of isoflurane from five Datex-Ohmeda workstations. Measurements were then repeated with a patient breathing circuit. Isoflurane washout occurred in an exponential manner. The time to reach a concentration of 1ppm at the fresh gas outlet was 17±7 minutes, and all machines had reached less than 2 ppm by ten minutes. The washout of isoflurane from the machine and patient breathing circuit was much slower than from the machine alone, with a concentration less than 2 ppm reached only after 30 minutes. We conclude that the Datex-Ohmeda workstation can be prepared for use in MH susceptible patients by flushing with oxygen at 10 l/min for ten minutes. Flushing of the patient breathing system is not straightforward, and we recommend using a clean T-piece circuit. If the circle system and ventilator are required for anaesthesia, we suggest using new breathing hoses, rebreathing bag and soda lime cartridge, and ventilating an artificial lung for 30 minutes with a fresh gas flow rate of 10 l/min and tidal volume of 1 litre.
Malignant hyperthermia (MH) is a muscle-cell membrane disorder characterized by an acute hypermetabolic reaction in response to triggering factors, including volatile anaesthetic agents 1 . Anaesthesia in susceptible patients includes using equipment which will expose the patient to minimal concentrations of volatile anaesthetic agents, though the minimum concentration of inhaled anaesthetic necessary to trigger a MH crisis is unknown. Residual halothane concentration from anaesthetic machines is reduced to 1 ppm by flushing the machine with oxygen 10 l/min for ten minutes 2 . However, the new, integrated workstations such as the Datex-Ohmeda anaesthetic delivery unit have many more components made of various plastics than the older anaesthetic machines previously studied. Volatile anaesthetic agents may dissolve in these plastic components 3, 4 to a greater extent than in the copper and rubber components of older anaesthetic machines, and so flushing may need to be longer to prepare the new machines. Further, halothane is uncommonly used in anaesthesia now, and machines in clinical use are unlikely to be saturated with halothane vapour.
The aims of this study were to determine the adequacy of washout of isoflurane at the common gas outlet of an anaesthetic workstation, and to assess differences in washout rates measured at the end of a new delivery system, flushing through the ventilator.
METHODS
The washout of isoflurane from five Datex-Ohmeda anaesthesia workstations (AS/3 Anesthesia Delivery Unit, Bromma, Sweden) with circle circuits was measured. All machines had been in routine clinical use for at least twelve months, during which time isoflurane had been used for the majority of anaesthetics. The workstations were tested at the end of a routine operating session during which only isoflurane had been used, and the Aladdin vaporizer cassette was removed before testing.
A Miran 1BX portable infrared gas analyser (Faxboro, U.S.A.) was used to measure isoflurane levels. The analyser has an accuracy of ±5% and a sensitivity of 0.1 ppm, and was calibrated outside the operating room before all measurements. The analyser's sampling filter, which is a cylinder 4 cm in diameter and approximately 10 cm long, was passed through the lid of our sample unit. This sample unit consisted of a two-litre glass container and lid. Gas from the workstation entered the sample unit through a short length of new breathing hose through the lid to the base of the container. Excess gas escaped through holes in the lid of the container.
There were four stages to the study. The first tested washout from the machine by measuring isoflurane levels at the common gas outlet. There were ten sets of measurements which were begun as soon as possible after the conclusion of a routine operating list for which the machine had been used. The sample unit was connected directly to the common gas outlet, and the workstation's oxygen flow set to 10 l/min and isoflurane levels were recorded at one minute intervals until the concentration was less than 2 ppm (the level set by the National Institute of Occupational Safety and Health (NIOSH) for occupational exposure to halothane in the United States) and 1 ppm (the level assessed in previous studies of anaesthetic machine preparation).
In the second stage, isoflurane levels were recorded a further five times in four different machines which had not been used since the end of the previous working day (12 to 16 hours between last use and measurement). These machines had been put through their pre-use checking protocols before measurements were taken.
The third and fourth stages were planned to measure washout from the machine and breathing circuit, as would occur preparing for an MH susceptible patient. In the third stage, we prepared the machine using new soda lime (Datex-Ohmeda compact absorber), patient circle circuit (Intersurgical D142000 15 mm diameter), one-litre rebreathing bag and hose, and ventilator hose. The absorber block, ventilator bellows and ventilator block were not changed, though the bellows was allowed to fall to its minimum volume before testing. We then selected 10 litres/min oxygen flow, attached a one-litre bag to the Y-piece, and switched on the unit's ventilator. To ensure that any gas contained within the ventilator bellows and ventilator block was entering the patient circuit and being measured, we used a tidal volume of one litre (volume of the hose from the ventilator to absorber was 0.5 litre), a respiratory rate of 10 breaths per minute and I:E ratio of 1:2. Measurements were begun as soon as possible after the conclusion of a routine operating list for which the machine had been used. The fourth stage was conducted as above, but with the ventilator bellows replaced with one that had never been used before.
Isoflurane concentration was measured at the patient connector of the circle circuit. A sample hose with a pinch clamp attached allowed a flow from the patient circuit to the sample unit during inspiration of approximately 5 l/min. Isoflurane levels were measured at one minute intervals until the concentration was less than 1ppm.
Isoflurane concentrations at different time intervals were compared using a linear mixed-effects model approach 5 as our data consisted of repeated measurements, the number of which was not consistent. Due to the unbalanced nature of the data, the mixed model is the best approach since it can handle missing data as well as allowing us to model the covariance structure of the data 6 . All these models were fitted using Proc Mixed in SAS software 7 . Data is presented as adjusted mean ± standard deviation.
RESULTS
Isoflurane levels at the common gas outlet were measured a total of ten times in four different machines. There was an initial rapid fall in isoflurane concentration which was followed by a much slower washout (Figure 1) . The time to reach a concentration of 1 ppm was 17±7 minutes, and all machines had reached 2 ppm or less by 10 minutes. In the machines that had not been used since the end of the previous working day, the mean time to reach a concentration of 1ppm was 8±5 minutes (P=0.013). The isoflurane concentration was less than 2 ppm by 10 minutes in all machines not used since the end of the previous working day.
The washout of isoflurane from the machine and patient breathing circuit was much slower than from the machine alone. The time to reach a concentration of 1 ppm was 32±10 minutes (Figure 2 ). All machines reached a concentration less than 2 ppm by 30 minutes. The mean time to reach 1 ppm if the ventilator bellows was changed in addition to the patient circuit, soda lime, and ventilator hose was 28±11 minutes (P=0.16), and all reached a concentration less than 2 ppm by 20 minutes.
Anaesthesia and Intensive Care, Vol. 31, No. 1, February 2003 FIGURE 1: Isoflurane concentration measured at the common gas outlet while the anaesthetic workstation is flushed with oxygen 10 l/min. Measurements were recorded either less than 1 hour (soon after use) or more than 12 hours (after left overnight) after the workstation was used for anaesthesia. 
DISCUSSION
Our experiments showed that isoflurane washed out of the anaesthetic workstations in a similar fashion to that already reported for halothane in older anaesthetic machines 2, 8, 9 . Flushing the workstation with oxygen at 10 l/min reduced the isoflurane concentration at the common gas outlet to 2 ppm after 10 minutes. While washout was, on average, faster in machines that had not been used since the previous day, flushing for 10 minutes was still necessary in some machines to reduce the concentration to less than 2 ppm. We found that washout of the circle circuit, soda lime absorber and ventilator unit was much slower, and may not be clinically acceptable.
There are several differences between our methods compared to that used in earlier experiments. Firstly, we measured isoflurane, whereas most previous studies have reported the washout of halothane. Isoflurane is now the more common anaesthetic agent, and is less soluble in plastic and rubber than halothane 4 . Secondly, we did not saturate the anaesthetic machines with a fixed concentration of halothane or isoflurane before testing. At the time of our study, isoflurane was nearly always used in our workstations, and we assumed the components of the machines would be saturated with isoflurane. Although sevoflurane was commonly used in our induction rooms, sevoflurane and halothane were only rarely used with the anaesthetic machines in the operating theatres. We believed that these machines, which were in everyday use, would give clinically relevant results of isoflurane levels. We measured the washout of isoflurane as soon as possible after the finish of a routine operating list, to ensure the isoflurane remaining in the machine would be as high as it would ever be. However, some isoflurane would have already been washed out of the machine at the end of the last operating case, while the patient is given 100% oxygen before either extubation or leaving the theatre. This would have washed the anaesthetic machine out to a variable extent before the start of the measurement period, and was the reason that we chose to measure levels at the common gas outlet ten times.
The minimum concentration of isoflurane required to trigger an MH crisis is not known. There have been no reports of cases of MH triggered by ambient air contamination, despite high levels of contamination occurring during inhalational induction. MH susceptible swine did not trigger when exposed to 5 ppm of halothane 10 . Guidelines from NIOSH in the United States recommend halothane levels of 2 ppm or lower for occupational exposure, although the standard for occupational exposure to halothane in Australia is 0.5 ppm 11 . Halothane is a more potent trigger of MH than isoflurane, and we believe it is unlikely that there would be any adverse consequence to the patient of accepting a level of 2 ppm of isoflurane for equipment decontamination.
A high fresh gas flow rate speeds the washout of volatile anaesthetic agents by increasing the concentration gradient from tubing to lumen and also dilutes any volatile agent present in the lumen. Lowering the fresh gas rate after the washout period may allow the concentration of volatile anaesthetic agent to rise again, as occurred in the Siemens KION anaesthetic machine 12 . Although we did not measure the effect of reducing the fresh gas flow rate on isoflurane concentration in our machines, we would recommend that the fresh gas flow rate is not reduced after the washout period and during anaesthesia.
Flushing the patient breathing system is not as straightforward as flushing the anaesthetic workstation. The circle circuit of the workstation is different from the older systems in two ways. Firstly, fresh gas enters the circle on the patient side of the inspiratory valve, rather than the absorber side as in the Ohmeda series 5A circle. Secondly, gas is retained within the ventilator bellows when spontaneous ventilation mode is selected, unlike stand-alone ventilators where the bellows falls to near zero volume during spontaneous ventilation mode. Simply occluding the patient connector end of the circuit flushes gas through both the inspiratory and expiratory limbs, but does not flush gas through the soda lime absorber and ventilator unit. Gas leaves the expiratory limb of the circle circuit and enters the absorber block, but then follows only a short path through the expiratory valve, out of the absorber block, and into the reservoir bag. It is therefore not possible to flush the compact absorber block unless a test lung is attached and ventilated by the machine. The ventilator bellows is bypassed completely unless the ventilator mode is selected. Furthermore, gas from the bellows does not enter the patient circuit unless the delivered tidal volume is greater than the volume of the hose connecting the ventilator and patient circuit (500 ml). We therefore chose to flush the patient breathing system with a 10 l/min gas flow while ventilating an artificial lung, making sure that gas from the ventilator bellows entered the patient circuit by using a ventilator tidal volume of 1000 ml.
In summary, we found that flushing the Datex-Ohmeda anaesthetic workstation with oxygen at 10 litres/minute for 10 minutes reduced the isoflurane concentration at the common gas outlet to 2 ppm or 61 PREPARING A NEW GENERATION MACHINE FOR MH less. Flushing of the patient breathing system is not straightforward, and we recommend using a clean T-piece circuit rather than the circle circuit and soda lime absorber. The ventilator is difficult and relatively slow to prepare, and a separate, clean ventilator would be preferable. If the circle system and ventilator are required for anaesthesia, we suggest using new breathing hoses, rebreathing bag and soda lime cartridge, and ventilating an artificial lung for 30 minutes with a fresh gas flow rate of 10 litres and tidal volume of 1 litre. The fresh gas flow rate should be kept close to 10 litres/min during anaesthesia.
ACKNOWLEDGEMENT
The infrared analyser used in this study was borrowed through Datex-Ohmeda.
